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Summary - Single females of Globodera pallida were analysed with mini two dimensional gel electrophoresis (2-DGE) followed
bya sensitive silver stain. Comparison of the protein patterns of 35 individuals from one population revealed 62 invariant protein
spots and sixteen variant proteins having the typical characteristics expected from mutations that change the isoelectric point
(IP-variants). The sixteen IP-variants are assumed to be encoded by sixteen alleles at eight putative loci. The frequencies of the
presumed genotypes showed no significant deviations from Hardy-Weinberg equilibrium. The average heterozygosity per locus was
5 %. A detailed procedure for analysing minute amounts of protein with mini 2-DGE is described.
Résumé - Établisse771ent du POlY771orphis771e protéique sur des je771elles isolées de GIobodera paIlida par 771icro-
électrophorèse sur gel en deux di771ensions - Des femelles isolées de Globodera pallida sont analysées par micro-électrophorèse
sur gel en deux dimensions (2-DGE), suivie d'une imprégnation argentique. La comparaison de la répartition des protéines chez
35 individus d'une même population révèle 62 spots protéiques constants et 16 spots protéiques variables ayant typiquement les
caractéristiques attendues de mutations modifiant le point isoélectrique (IP-variants). Les seize IP-variants sont supposés être codés
par seize allèles sur huit loci présumés. La fréquence des génotypes supposés ne montre pas de déviation significative par rapport
à l'équilibre de Hardy-Weinberg. L'hétérozygotie par locus est de 5 Cio. Une procédure pour l'analyse de faibles quantités de
protéines à l'aide de micro- 2-DGE est décrite de façon détaillée.
Key-words : Nematodes, potato, Globodera, pathotypes, virulence, allele frequencies, heterozygosity, electrophoresis.
In plant nematology the use of electrophoretic tech-
niques for the discrimination of nematode populations
has been largely confined to the analysis of mixtures of
individuals. Standard electrophoretic techniques are too
insensitive for analysing proteins from single nematodes
of microscopie size. A number of investigators have
developed micromethods of which micro dise electro-
phoresis (Dalmasso & Bergé, 1978; Bergé et al., 1981)
and more recently thin slab gel electrophoresis (Esbens-
hade & Triantaphyllou, 1985) have proved especially
useful in studying the genetic variation between indivi-
duals. Various enzyme loci of Meloidogyne species have
been screened for polymorphisms with these microme-
thods.
Another powerful technique for studying genetic
variation is two dimensional gel electrophoresis
(2-DGE), according ta O'Farrell (1975), which enables
the examination of several hundred polypeptides in a
single sample. In a parallel paper, we reported on the
genetic variation between populations of potato cyst
nematodes revealed by 2-DGE of mixtures of 100
individuais (Bakker et al., 1992). The objective of the
present study is to extend 2-DGE to the protein analysis
of single females of potato cyst nematodes and to
examine the protein polymorphisms within a population
of Globodera pallida. In addition we evaluated the
accuracy of allele frequency data derived from mixtures
of individuals (Bakker et al., 1992) by comparing them
with data obtained by electrophoresis of single individ-
uals.
Materials and methods
SAMPLE PREPARATION
G. pallida population ROOK, classified as pathorype
Pa3, was obtained from the collection of the CPRO,
Wageningen, the Netherlands. The population was
originally collected at Valthe, the Netherlands. Adult,
white females were reared on the susceptible cv. " Ei-
genheimer " at 18 oC and 16 h daylength. Samples
containing a mixture of individuals were prepared as
described by Bakker and Bouwman-Smits (1988). Sam-
pies for electrophoresing single individuals were pre-
pared by transferring one female into an homogeniza-
tion tube (length 2 cm, inner diameter 1.7 mm). The
tube was made from a glass capillary, which was heat
sealed at one end. Single females were homogenized in
la !lI buffer with a small glass pestle, which was made
by heating the tip of a capillary (outer diameter 0.9 mm).
The size of the small bail formed at the end of the
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capillary was checked under the stereoscope to ensure a
perfect fit inside the homogenization tube. The homo-
genization buffer was prepared by mixing 64.7 mg urea,
57 III 10 mM Tris-HCl, pH 7.4 and 13.3 III of a solution
containing 25 % 2-mercaptoethanol, 8 % (w/v) ampho-
lytes pH 5-7 and 2 % (w/v) ampholytes pH 3-10. After
homogenization the extract was frozen for 30 min at
- 80 oC and after thawing immediately used for elec-
trophoresis. Protein determinations were made accord-
ing to Bradford (1976).
MINI TWO-DIMENSIONAL ELECTROPHORESIS
Chemicals for electrophoresis and Coomassie Brilliant
Blue G-250 were from Bio-Rad Laboratories (Rich-
mond, CA). Silver nitrate and citric acid were from BDH
Chemicals Ltd. (Poole, England.) Ali other chemicals
were from Merck (Darmstadt, FRG). Distilled, deion-
ized water was used for preparing the solutions and for
the washing steps of the silver stain.
Mini two-dimensional electrophoresis was performed
with the Mini Protean II 2-D Cell system of Bio-Rad
Laboratories. Isoelectric focusing was performed in
capillary tubes of 77 mm length and 1.1 mm inner
diameter. The capillary tubes were cleaned by immer-
sion in chromic acid and ethanol, and washed with
distil1ed deionized water. The isoelectric focusing gels
contained 3.78 % (w/v) acrylamide, 0.22 % (w/v) Bis,
9.15 M urea, 1.6 % (w/v) ampholytes pH 5-7,004 % (w/v)
ampholytes pH 3-10, 0.013 % (w/v) ammonium persul-
fate, and 0.10 % (v/v) TEMED. The tubes were filled by
capillary action with gel solution up to 10 mm below the
top. They were pressed in a cushion of plasticine covered
with parafilm, and allowed to polymerize for 1 h.
Samples were applied on top of the gel with a glass
capil1ary pipette. The remaining space in the focusing
tubes was filled with sample overlay solution containing
5.2 mM Tris HCl pH 7.4, 8.41 M urea, 0.84 % (w/v)
ampholytes pH 5-7, and 0.21 % (w/v) ampholytes pH
3-10. The cathode buffer was at the top of the focusing
gels and contained 20 mM NaOH. The anode buffer
was lO mM phosphoric acid. Focusing was performed
without prerun and was accomplished with the fol1owing
voltage schedule : 16.5 h 10 V, 90 min 180 V, 30 min
270 V and 80 min 578 V.
After focusing, the tube-gels were extruded in equi-
libration buffer containing 62.7 mM Tris HCI pH 6.8,
2.3 % (w/v) SDS and 10 % (v/v) glycerol. The separation
gels were 84 x 59 x 0.75 mm (width x height x
thickness). They contained 12.65 % (w/v) acrylamide,
0.35 % (w/v) Bis, 375 mM Tris HCI pH 8.8, 0.1 % (w/v)
SDS, and were polymerized with 0.05 % (w/v) am-
monium persulfate, and 0.05 % (v/v) TEMED. The
stacking gel (height 13 mm) was poured up to 1 mm
below the top of the inner glas plate, and contained
3.894 % (w/v) acrylamide, 0.106 % (w/v) Bis, 125 mM
Tris HCI pH 6.8, 0.1 % (w/v) SDS, 0.05 % (w/v)
ammonium persulfate, and 0.10 % (v/v) TEMED. The
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focusing gels were positioned on top of the stacking gel
by pushing them in the slit between the two glass plates.
At both ends of the tube gel a few drops of SDS-sample
buffer (86 mM Tris HCI pH 6.8,2 % (w/v) SDS, 12.5 %
(v/v) glycerol, 0.004 % (w/v) Bromophenol Blue) were
added. Both the upper and the lower buffer reservoirs
were fil1ed with a solution of 24.7 mM Tris, 193 mM
glycine, and 0.1 % (w/v) SDS. Second dimension elec-
trophoresis was performed with 10 mA per gel for
20 min, fol1owed by 20 mA per gel for approximately
55 min, until the dye front had reached the bottom of the
gel.
The gels were stained separately in plastic Petri dishes
(diameter 13.5 cm) with 50 ml of solution for each step.
First, the gels were transferred to 50 % (v/v) methanol,
10 % (v/v) acetic acid for 30 min. This was followed by
incubation in 5 % (v/v) methanol, 7 % (v/v) acetic acid
either for 30 min or overnight, and a fixation in 7 % (v/v)
glutaraldehyde for 1 h. After four washings steps of
15 min in water, the gels were impregnated with ammo-
niacal silver solution (1104 mM AgN03, 4.7 mM NaOH,
134 mM NH3) for 20-25 min. After one washing step of
15 sand two 5 min washings in water, the gels were
stained in 0.00925 % (w/v) paraformaldehyde, 0.025 %
(w/v) citric acid solution for 20-25 min. The staining
reaction was stopped with water. Protein patterns were
evaluated visual1y by superimposing the original gels on
a bench viewer. Variant protein spots (loci C, E, F, H, I,
J) and a number of other conspicuous proteins which
were also resolved with macro 2-DGE (Bakker el al.,
1992) were used as internai standards to estimate the pH
gradient and molecular weights.
Results
To optimize the mini 2-DGE system, various condi-
tions were tested by electrophoresing protein samples
containing a mixture of individuals. A low initial voltage
for isoelectric focusing proved to be essential for good
quality protein patterns. The high initial voltages used in
other studies (Poehling & Neuhoff, 1980; Neukirchen el
al., 1982; Sanderink el al., 1988; Tanaka & Kawamura,
1988) resulted in streaking of the proteins, especial1y
basic proteins with a high molecular weight. Application
of a range of protein amounts demonstrated that 5 llg
was the optimal concentration for mini 2-DGE. Approxi-
mately 350 protein spots were routinely visible with this
amount (data not shown). Higher sample loads intro-
duced streaking of the neutral and basic proteins and led
to a loss of resolution in this area. Attempts to increase
the sensitivity of the protein stain failed. Our staining
procedure, which is essential1y an adaptation of the
ammoniacal silver stain of Oakley el al. (1980), was more
sensitive than other staining methods (Oshawa & Ebata,
1983; De Moreno el al., 1985; Chaudhuri & Green,
1987; Neuhoff el al., 1988). Only the procedure of
Poehling and Neuhoff (1981) was equally sensitive. The
colour of the proteins visualized with our stain ranged
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from red, reddish brown, blackish brown, brownish grey
to grey or any shade in between.
Thirty five individuals of G. pallida population
ROOK were analysed with mini 2-DGE. Examples of
the protein patterns of single females are shown in
Figure 1. The protein amount per female averaged
2.5 Jlg. The number of protein spots, including minor
and faint spots, resolved per individual ranged from 233
to 439 with a mean of 360. Comparison of the protein
patterns of 35 individuals revealed three types of protein
spots : i) 62 invariant protein spots, which were con-
sistenùy present in ail 35 individuals, ii) 16 isoelectric
point variants (IP-variants), which had the typical char-
acteristics expected from mutations that change the
isoelectric point (e.g. Fig. 2) and iii) a remaining group
of more than 350 variant protein spots, which did not
have the characteristics of the IP-variants. The latter
group may also include genetically determined variant
protein spots, but the majority of the variations is
probably due ta artefacts, such as, slight differences in
the electrophoretic procedure, sampie preparation and
physiological state of the females.
The 16 IP-variants are assigned with a capital letter
referring to the putative locus and a number referring to
the allele. Corresponding IP-variants have moderately
different isoelectric points, but have similar molecular
weight, colour and quantity. As illustrated in Figure 2,
corresponding IP-variants are encoded by codominant
alleles of which the products are synthesized in similar
amounts. The genetic interpretation was confirmed by a
chi-square test showing that the observed number of
genotypes did not deviate significantly from the num-
ber expected under Hardy-Weinberg equilibrium condi-
tions (Table 1).
The average heterozygosity per locus was 5 % and was
calculated according to Leigh Brown and Langley
(1979) by assuming that the 62 invariant spots and
16 IP-variants represent the protein products of 70 loci.
Obviously this is coarse estimate. As has been estab-
lished in other studies (Racine & Langley, 1980) sorne
alleles will display more than one protein spot; we also
noticed this phenomenon. Each allele of locus H dis-
plays probably two protein spots (Fig. 1). The presence
(or absence) of allele HI was accompanied in each
individual by the presence (or absence) of protein spot
no. 1 (Fig. 1). Similar results were obtained for allele H]
and protein spot no. 2 (Fig. 1). The protein spots no. 1
and no. 2 were therefore recorded as separate IP-var-
iants.
The IP-variant loci C, E, F, H, l, J (Fig. 1) were also
recorded as polymorphic for population ROOK in a
previous study with macro 2-DGE (Bakker el al., 1992).
As shown in Table 2 the allele frequency data obtained
by mini 2-DGE of individuals are within the same range
as the data obtained by macro 2-DGE of a mixture of
100 individuals. In the latter case the relative protein
quantities of the variant protein spots were used as a
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measure for the allele frequencies (Bakker el al., 1992).
The largest differences between the two methods were
observed for locus E and 1. The macro 2-DGE data for
these two loci fall just outside the 95 % confidence
interval of the mini 2-DGE data (Table 2).
Differences in experimental conditions and data col-
lection mean that not all the protein polymorphisms
detected with macro 2-DGE are revealed with mini
2-DGE and vice versa. Allele FI having a frequency of
0.03 (Bakker el al., 1991) was probably not traced in this
study because of the smaller number of individuals
sampled (35 vs 100). The IP-variant loci A, D and K
(Bakker el al., 1992) were not detected with mini 2-DGE
and the IP-variant loci Land M (Fig. 1) were not
resolved with macro 2-DGE.
Discussion
Since its introduction 2-DGE has become a wide-
spread technique in various disciplines. As an alternative
ta radioactive labelling methods and Coomassie Blue
staining, ultra sensitive silver stains were developed.
With the introduction of micro 2-DGE (Poehling &
Neuhoff, 1980) the sensitivity of protein detection was
further increased. However, the use of micro 2-DGE is
stilliimited and applications deal mainly with the analy-
sis of a low number of polypeptides (Poehling el al.,
1980; Ohms & Heinicke, 1985; Manabe el al., 1987;
Sanderink el al., 1988). A new development in 2-DGE
is the use of mini gels (Sakurai el al., 1986; Tanaka &
Kawamura, 1988); which have a size intermediate be-
tween conventional and micro gels. As shown in this
report mini 2-DGE allows the analysis of complex
protein samples containing only a few Jlg of total
protein. The high resolution of conventional 2-DGE is
retained and the sensitivity of detection is increased by
about a factor ten. In addition the system is easier to
handle, faster, and very economical in the use of chemi-
cals.
Analysing and evaluating 100 or more proteins on a
single 2-DGE pattern is evidently more difficult and less
straightforward than interpreting isozyme patterns. In
this report we used stringent criteria to collect data from
2-DGE patterns. Only protein variations having the
typical characteristics of corresponding allele products
differing in one or a few net ch3 rrrp- r hanging amino
acids were included. The assumption that such vari-
ations are indeed encoded by alleles at a single locus is
supported by the observation that the relative frequen-
cies of the homozygous and heterozygous genotypes do
not deviate from Hardy-Weinberg expectations. Other
types of variation are difficult ta assess by electrophor-
esis of single individuals. During the course of this study
we observed numerous qualitative and quantitative
differences for which no homologues could be detected.
These variations are difficult to evaluate, because gen-
etically determined variants cannot be distinguished
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Fig. 1. Protein patterns of single individuals from Globodera pal/ida population ROOK. The positions of the isoelectric point
variants (IP-variants) detected by the comparison of 35 individuals are shown. The capitals and numbers refer ta the putative loci
and alleles, respectively. The presumed genotypes for the individual shown in A are; CICI' E,Ez, FzFj, HjHJ> l,lz, JJz, L,L" MzM b
and for the individual shown in B; C1C1' EIE1, FJFJ, HIH" 1112, JJj, LILI, M1M/. The proteins indicated with arabic numbers (no. 1
and no. 2) are referred to in the text. Molecular masses are given in kilodaltons.
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Table 1. Hardy Weinberg Equilibrium Test on presumed genotypes (1) detected in G. pallida population ROOK after mini 2-DGE of 35 indiduals.
CI CI CI~ Cz~ EIEI EIEz E2E1 FzF2 FzF, FJF) HIH I HIH, H,H) 1111 Illz Izl2 ]Jz hh hh LILI LILI LzLz MIMI MIM2 MzM1
Observed 8 14 13 4 17 14 6 15 14 5 18 12 6 18 II 14 17 4 23 12 0 4 12 19
Expecled. 6.4 17.1 Il.4 4.5 16.0 14.4 5.2 16.6 13.2 5.6 16.8 12.6 6.4 17.1 Il.4 14.4 16.0 4.5 24 9.9 1 28 14.3 178
TOlal Xz(2) 1.17 0.014 0.325 0.177 0.087 0.116 0.53 0.388
(I) The presumptive loci and alleles of the isoelectric point variants (IP-variants) are designated with capitals and arabic numbers, respeclively.
(2) One degree of freedom. XZ = 3.84 corresponds with the 5 % level of significance. Yate's correction was applied in case the expected number of one genorype was smaller than
five (Ayala & Kriger, 1980)._
Table 2. Allele frequencies of isoelectric point variants (IP-variants) (1) estimated by mini 2-DGE of single individuals and macro 2-DGE of a mixture of
individuals (2).
CI Cz El E2 FI Fz F) HI H) II lz Jz h LI Lz MI Mz
mini 2·DGE 0.43 0.57 0.36 0.64 0 0.38 0.62 0.40 0.60 0.43 0.57 0.64 0.36 083 0.17 0.29 071
macro 2-DGE (2) 0.35 065 0.23 0.77 003 0.29 0.68 0.42 0.58 0.30 0.70 0.59 0.41 n.d. n.d. n.d. n.d.
95 "ù 0.31-0.55 0.25-0.47 0.26-0.50 0.28-0.52 0.31-055 053-0.75 0.74-0.92 o18-0.40
imervaJ (3)
pl (4) 5.96 6.20 6.23 6.29 6.32 6.42 6.48 6.62 6.78 671 6.84 6.90 6.97 6.69 6.77 6.56 6.63
MW (5) 28 60 54 36 50 49 56 53 42
color (6) L Lb. Lb. b.b. Lb. Lb. Lb. Lb.
(I) The presumptive loci and alleles of the IP-variants are designated with capitals and arabic numbers, respeclively.
(2) Data from Bakker el al., 1992.
(3) Confidence interva1s of the allele frequencies estimated by electrophoresing single individuals. Only the range of the first allele is given.
(4) Isoelectric points.
(5) Molecular masses in kilodaltons.
(6) Red (L), reddish brown (Lb.) and blackish brown (b.b.).
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Fig. 2. Details of protein patterns made by e1ectrophoresing single individuals of Globodera pallida population ROOK. The
positions of the isoelectric point variants (lP-variants) are designated with capitals and numbers referring ta the putative loci and
alleles, respectively. The presumed genotypes of the three individuals are; E 1E 1 (left), EtE, (middle), ElEl (right).
from artefacts due ta, for example, experimental vari-
ations or differences in physiological or developmental
stage.
Genetic variation in abundant proteins revealed by
2-DGE has been studied in organisms such as Droso-
phila melanogasler, (Leigh Brown & Langley, 1979),
mice (Racine & Langley, 1980) and man (McConkey el
al., 1979; Rosenblum el al., 1983). In these studies the
average heterozygosity per locus based on variations in
net charge ranged from 1 to 6 %. The variability of
G. pallida population ROOK is not exceptional (5 %).
The actual heterozygosity is evidently much higher.
Only about 30 % of the amino acid substitutions result
in a displacement in the isoelectric focusing dimension
and other types of mutations resulting in qualitative or
quantitative variations are not recorded. Quantitative
and qualitative variations, for example due to mutations
in regulatory genes, seem a prominent group among the
variants resolved by 2-DGE. Klose (1982) studied
inbred strains of mice and demonstrated that only 13 %
of the protein variants resulted from changes in net
charge and that the vast majority (87 %) of the variants
were expressed as quantitative or qualitative differences.
In a parallel report we estimated the genetic relation-
ships between potata cyst nematode populations by
electrophoresing mixtures of individuals and using the
ratio between the protein quantities of corresponding
IP-variants as a measure for ù1e allele frequencies (Bak-
ker el al., 1992). In ù1is report we showed that this
method is reasonably accurate. The genetic interpret-
arion of the IP-variants was confmned by electrophores-
ing single individuals (Table 1) and the two sets of allele
frequency data were within a narrow range (Table 2).
Evidently electrophoresing single individuals is more
precise but is too laborious as an adjunctive technique
for breeding for resistance (Bakker el al., 1992)
Modern plant nematology is confronted with the
need ta analyse gene products from minute amounts of
biological material. As shown here the mini 2-DGE
system extends the possibilities of biochemical research
in plant nematology. Mini 2-DGE allows the analysis of
500
single individuals, but obviously can also be applied to
other problems in plant nematology where a high sensi-
tivity is required.
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